Introduction {#Sec1}
============

The world is confronted by an ever increasing shortage of water, especially in arid and semiarid regions such as Africa, South Asia, Southern Europe, and the Middle East. In many of these regions, freshwater is not available for irrigation, and therefore, the reuse of treated or untreated wastewater is the sole water source for agriculture. However, standards are required to ensure safe use of wastewater and to avoid biological risks to the human population. In this context, the dissemination of antibiotic-resistant bacteria (ARB) and antibiotic-resistant genes (ARGs) from wastewater irrigation to natural soil and water environments is of public concern because it may contribute to global antibiotic resistance (AR). Here, we discuss the implications of wastewater reuse in agriculture and the impact of treated wastewater (TWW) irrigation on AR in the soil microbiome.

Wastewater reuse in agriculture: benefits vs. risks {#Sec2}
===================================================

Mankind is currently confronted with one of the greatest challenges in its history: how to adequately use its limited freshwater resources. In this context, the challenge implicates the use of water for drinking, agriculture, and the preservation of fragile freshwater ecosystems (Postel [@CR86]).

The reuse of TWW, especially in agriculture, is an appealing and practical solution for water scarcity that significantly relieves pressure on water resources (Toze [@CR103]; Zhang and Liu [@CR117]). Additionally, water reuse can alleviate the discharge of effluents into the environment, avoiding in this way the deterioration of freshwater ecosystems associated with eutrophication and algal blooms (Toze [@CR103]). The use of TWW in agricultural irrigation has also been found to have additional agronomic benefits associated with soil structure and fertility. According to Kiziloglu et al. ([@CR56]), wastewater has a high nutritive value that may improve plant growth, reduce fertilizer application rates, and increase productivity of poor fertility soils. Diverse studies have indeed shown that TWW irrigation increases soil organic matter (Mañas et al. [@CR61]; Jueschke et al. [@CR52]; Kiziloglu et al. [@CR56]) as well as the concentrations of different nutrients involved in plant growth such as nitrogen (N), phosphorus, iron, manganese, potassium, calcium, magnesium, and others (Akponikpe et al. [@CR4]; Rezapour and Samadi [@CR90]; Sacks and Bernstein [@CR91]; Mañas et al. [@CR61]; Gwenzi and Munondo [@CR46]; Kim et al. [@CR54]; Kiziloglu et al. [@CR56]; Angin et al. [@CR9]). Conversely, the use of TWW for irrigation can have detrimental effects on soil quality. These include increased salinity and decreased soil pH (Kiziloglu et al. [@CR56]; Angin et al. [@CR9]; Mohammad and Mazahreh [@CR69]), as well as increased soil hydrophobicity (Tarchitzky et al. [@CR101]; Graber et al. [@CR43]).

Despite the obvious benefits of TWW irrigation, the human and environmental health implications of this process have opened a new controversial front in the public debate (Phung et al. [@CR85]). Perhaps the most evident public health qualms are linked to the presence pathogens. Several studies have reported high count of total coliforms and fecal coliforms in crops irrigated with TWW (Akponikpe et al. [@CR4]; Sacks and Bernstein [@CR91]; Mutengu et al. [@CR74]; Rai and Tripathi [@CR89]), while others have detected bacterial pathogens such as *Salmonella*, *Streptococci*, *Clostridium*, *Shigella*, and *Vibrio* spp. (Mañas et al. [@CR61]; Samie et al. [@CR92]). Other human pathogens associated with wastewater reuse include helminthes, viruses, and protozoa (Carey et al. [@CR21]; Caccio et al. [@CR20]; Tree et al. [@CR104]). The level of microbial contamination observed in recycled wastewater, soils, and crops depends on technical regulations based on national standards. In this context, posttreatment disinfection processes such as chlorination, ozonation, and UV radiation, shown to be successful treatments against microbial agents and pharmaceutical ingredients, can significantly reduce the risks associated with TWW irrigation (Hey et al. [@CR47]; Martinez et al. [@CR66]; Nikaido et al. [@CR77]; Bernstein et al. [@CR14]; An et al. [@CR8]).

Irrigation of agricultural crops with recycled wastewater is also associated with several non-biological risk factors; perhaps the most significant being heavy metal contamination. In this context, different studies have shown the accumulation of heavy metals such as cadmium (Cd), nickel, chromium (Cr), lead, and other elements in soil and plants under wastewater irrigation regimen (Gupta et al. [@CR45]; Bahmanyar [@CR11]; Khan et al. [@CR53]; Song et al. [@CR96]; Wang et al. [@CR111]; Mapanda et al. [@CR62]). According to Gupta et al. ([@CR45]), among the heavy metals aforementioned, Cd and Cr are of greatest concern due to their high uptake rates in plants and their accumulation in tissue vegetal body parts; implicating a health hazard associated with the consumption of these heavy metal-contaminated vegetables over a long period of time.

A wide spectrum of persistent organic contaminants has been detected in soils irrigated with TWW, including polycyclic aromatic hydrocarbons, polychlorinated biphenyls, and organochlorine pesticides (Chen et al. [@CR24]; Sun et al. [@CR98]; Chen et al. [@CR23]; Pedersen et al. [@CR82]). In addition, there is a rising concern regarding the presence of emerging contaminants that include endocrine-disrupting chemicals and pharmaceutical and personal care products (PPCPs), a diverse collection of thousands of chemical substances that include prescription and over-the-counter therapeutic drugs, veterinary drugs, fragrances, and cosmetics (EPA [@CR33]). Several studies have suggested that the behavior and possible accumulation of PPCPs in natural environments could have a potential impact on both soil and human health (Walker et al. [@CR110]; Chen et al. [@CR24]; Xu et al. [@CR115]). However, more significant than the direct toxicity of PPCPs themselves are the potential biological effects that these compounds may have on downstream ecosystems. Perhaps, the most crucial of these effects is augmentation of AR in environmental microbiomes due to selective pressure.

With the aim of reducing risks associated with wastewater reuse, the first national standard for wastewater reuse was created in Israel in 1953 (Tal [@CR100]). Since then, many guidelines and quality standard have been designed and applied in both Israel and worldwide (Inbar [@CR49]; Blumenthal et al. [@CR17]), but none have proved to be universally applicable (Phung et al. [@CR85]) and none have considered the potential environmental and public health impact of effluent-associated emerging contaminants and their biological implications.

Persistence of pharmaceuticals in effluents and TWW-irrigated soils {#Sec3}
===================================================================

Certain pharmaceuticals are only partially metabolized in the body and, therefore, significant levels of these compounds and their metabolites are excreted and transported to wastewater treatment plants (WWTPs) (Xu et al. [@CR114]). The removal or inactivation of these compounds in the WWTP depends on both the specific technology applied in the sewage plant and on the physical and chemical properties of each pharmaceutical compound (Monteiro and Boxall [@CR71]). Nonetheless, many pharmaceutical compounds and their metabolites persist in WWTPs and are released in effluents even when rigorous tertiary disinfection methods are applied (Jelic et al. [@CR51]).

PCPPs observed in the environment include analgesics and anti-inflammatories, antibiotics, antidepressants, antiepileptics, antineoplastic agents, β-blockers, hormones, different class of metabolites, and other pharmaceuticals (Fatta-Kassinos et al. [@CR35]; Monteiro and Boxall [@CR71]; Nikolaou et al. [@CR78]). Specific PCPPs commonly detected in WWTPs effluent include ibuprofen, diclofenac, naproxen and ketoprofen (analgesic and anti-inflammatories), atenolol, metoprolol, and propanolol (β-blockers), clofibric acid, bezafibrate and gemfibrozil (lipid regulator agent), carbamazepine (anti-seizure, antiepileptic), caffeine (stimulant), and triclosan (bactericide), which additionally are found in crops irrigated with TWW (Verlicchi et al. [@CR108]; Bondarenko et al. [@CR18]; Fenet et al. [@CR36]; Chen et al. [@CR24]; Fatta-Kassinos et al. [@CR35]; Sim et al. [@CR95]; Xu et al. [@CR116]; Chefetz et al. [@CR22]; Topp et al. [@CR102]; Kinney et al. [@CR55]; Pedersen et al. [@CR82], [@CR83]). Many antibiotic compounds are not degraded or only partially degraded in the body and often unused drugs are directly disposed of down drains (Kummerer and Henninger [@CR58]). Additionally, several antibiotic compounds are not fully degraded in the WWTP process and are therefore released via effluents into the environment where they can select for antibiotic-resistant bacteria (Kummerer and Henninger [@CR58]). Thus, antibiotics are considered pseudo-persistent contaminants because they are continuously introduced into the environment (Shi et al. [@CR93]). Antibiotic compounds consistently detected in WWTP effluents include azithromycin, clarithromycin, ciprofloxacin, erythromycin, norfloxacin, ofloxacin, sulfamethoxazole, and trimethoprim (Fatta-Kassinos et al. [@CR35]; Li and Zhang [@CR60]; Sim et al. [@CR95]; Ghosh et al. [@CR42]; Watkinson et al. [@CR112]). Additionally, some studies have detected antibiotics, such as erythromycin and tetracycline, in wastewater-irrigated soils (Chen et al. [@CR24]; Kinney et al. [@CR55]) and sulfamethoxazole and erythromycin have even been discovered in groundwater under land irrigated with wastewater effluents (Avisar et al. [@CR10]; Siemens et al. [@CR94]).

Human health implications of AR and the emergence of environmental AR reservoirs {#Sec4}
================================================================================

According to Baquero et al. ([@CR12]), "antibiotics are among the most successful medical inventions, alleviating human morbidity and mortality; however, since they were introduced for therapy nearly 60 years ago, bacteria have developed different strategies to avoid their activity". Antibiotics are regularly used for treating infections and protecting human and animal health. In addition, they are frequently used to promote animal growth and improve feed efficiency in aquaculture and farming (Davies and Davies [@CR30]; Baquero et al. [@CR12]; Binh et al. [@CR16]; Dzidic et al. [@CR31]). However, the rapid emergence of AR since the development of antibiotics in the 1940s is extremely alarming, and some have gone as far as to state that we are approaching a "post-antibiotic era" (Alanis [@CR5]). To exercise its action, an antibiotic compound needs to enter the bacterial cell at inhibitory or lethal concentrations, remain stable, and finally locate and interact with its target (Jayaraman [@CR50]). However, bacteria can avoid one or more of the previously described steps by antibiotic inactivation, target modification, efflux pumps, target bypass, and non-inheritable mechanisms such as persistence, biofilm production, and swarming (Jayaraman [@CR50]; Dzidic et al. [@CR31]).

Traditional study of bacterial AR has focused on isolation of clinically important resistant pathogens that proliferate in response to antibiotic treatment in nosocomial and community settings. However, a myriad of recent data suggests that environmental reservoirs are also strongly associated with the global proliferation of AR (Forsberg et al. [@CR39]; D'Costa et al. [@CR27], [@CR28]). Several studies have indicated that anthropogenic activities such as aquaculture, application of manure and biosolids to soil, and environmental discharge of WWTP effluents can contribute to expansion of these environmental AR reservoirs (Munir and Xagoraraki [@CR72]; Davies and Davies [@CR30]; Knapp et al. [@CR57]; Binh et al. [@CR16]), and these reservoirs can serve as "hotspots" for the spread of ARGs and ARB through food and water, with unsuspected consequences for human health (Martinez [@CR64]; Zhang et al. [@CR118]).

ARGs are often carried on broad host range mobile genetic elements (MGEs) (Byrne-Bailey et al. [@CR19]; Akiyama et al. [@CR3]; Binh et al. [@CR16]), which are of particular concern because these vectors may be disseminated from environmental hotspots through water and food webs into clinically relevant pathogenic or opportunistic bacteria (Van Meervenne et al. [@CR107]; Jayaraman [@CR50]). Benveniste and Davies ([@CR13]) first suggested a link between environmental and clinical AR after detecting high similarities between gentamicin-resistant enzymes from soil-associated Actinomycetes and enzymes that confer the same resistance in human pathogens such *Escherichia coli*, *Pseudomonas aeruginosa*, *Klebsiella pneumonia*, and *Staphylococcus aureus*. Although a direct transfer of genetic information from one to other was not demonstrated, the authors suggested an evolutionary relationship between these enzymes in non-phylogenetically related bacteria. Highly conclusive evidence demonstrating the horizontal transfer of ARGs between soil and clinical isolates was recently presented by Forsberg et al. ([@CR39]), who applied functional metagenomics and high-throughput screening to large collections of soil isolates. The authors detected a wide array of functionally diverse ARGs in the soil isolates with perfect nucleotide identity to human pathogens. The data suggests that horizontal gene transfer (HGT) of AR genes between soil and clinical environments not only occurs, but appears to be a relatively common phenomenon.

Release of ARB and ARGs from WWTPs {#Sec5}
==================================

Antibiotic compounds have been found to select for resistance even when concentrations are orders of magnitude below clinical breakpoints (Gullberg et al. [@CR44]), and therefore, persistent antibiotics such as erythromycin, tetracycline, or sulfamethoxazole may select for antibiotic resistance in downstream terrestrial and aquatic environments. In addition, heavy metals and biocides such zinc (Peltier et al. [@CR84]) and triclosan (Ciusa et al. [@CR25]; Aiello et al. [@CR2]) can promote AR in bacteria in a process known as cross-selection (Martinez [@CR63]). In this context, WWTPs are a favorable environment for propagation of AR because they assemble high concentrations of bacteria (often in biofilms), nutrients, and antimicrobial agents (LaPara et al. [@CR59]; Novo and Manaia [@CR79]; Xi et al. [@CR113]; DaCosta et al. [@CR29]).

In the last years, more attention has been put on the role of WWTPs as reservoirs of ARB and ARGs, and different techniques have been used to assess their presence in different stages of wastewater treatment, as well as in downstream environments. Gao et al. ([@CR40]) found high concentrations of tetracycline (*tet*O and *tet*W) and sulfonamide (*sul*I) resistance genes (9.12 × 10^5^--1.05 × 10^6^ gene copy \#/mL) and high levels of ARB (1.05 × 10^1^--3.09 × 10^3^ CFU/mL) in the final effluent of a wastewater treatment plant in Michigan. An additional study found significant levels of ARGs (*tet*O, *tet*W, and *sul*I) and ARB in raw sewage, effluent, and biosolid samples of a WWTP, although increased levels of wastewater treatment significantly reduced the amount of ARGs and ARBs in the treated effluent, especially when more advanced technologies such as membrane biological reactors were used (Munir et al. [@CR73]). Previous reports have found other important ARGs such as *amp*C and *van*A that confer resistance to ampicillin and vancomycin, respectively, in wastewater samples collected from five municipal treatment plants; additional studies found the methicillin-resistant gene *mec*A, in samples taken from clinical wastewater (Volkmann et al. [@CR109]). Other studies have assessed AR in mobile elements such as plasmids, transposons, and integrons in WWTPs. In this context, a plasmid metagenome analysis from the final effluent of a WWTP in Germany revealed 140 clinically relevant ARGs including genes conferring resistance to aminoglycosides, β-lactams, chloramphenicol, fluoroquinolones, macrolides, rifampicin, tetracycline, trimethoprim, and sulfonamide as well as multidrug efflux and multidrug resistance genes (Szczepanowski et al. [@CR99]). Screening of multiresistant *Enterobacteriaceae* isolates from different stages of a municipal WWTP in Poland revealed the presence of integron-positive isolates in the final effluent; all of whom were multiresistant to at least three different antimicrobials (Mokracka et al. [@CR70]). A number of recent studies in Minnesota and Colorado detected high levels of genes encoding resistance to tetracycline (*tet*O, *tet*X, and *tet*W in Minnesota and *tet*O and *tet*W in Colorado) and the class 1 integron genes (*intI*1) in both tertiary treated effluents and in rivers receiving these effluents, demonstrating the transfer capacity of ARB and ARGs from WWTPs to aquatic environments (LaPara et al. [@CR59]; Pruden et al. [@CR87]). This phenomenon was established in a recent comprehensive study by Czekalski et al. ([@CR26]) who found that ARGs and ARB released from WWTP effluents were disseminated into Lake Geneva resulting in significant proliferation of AR levels in both the water column and in sediments that were proximal to the point of effluent infiltration.

Native AR in soil bacteria {#Sec6}
==========================

Although human-associated activities may influence levels of AR in environmental microbiomes, it is becoming increasingly clear that ARB and ARGs are often highly prevalent in natural or undisturbed soils, assumedly because soil microorganisms are the main producers of clinical antibiotic compounds (Aminov and Mackie [@CR7]). In this context, D'Costa et al. ([@CR27]), indicated that the soil could serve as an under-recognized reservoir for antibiotic resistance that has already emerged or has the potential to emerge in clinically important bacteria. The authors coined the term "resistome" to describe the collection of all the ARGs and their precursors in a defined natural environment. Several recent studies have strengthened the resistome hypothesis through the detection of ARGs in a wide array of undisturbed environments. For instance, soil bacterial genes encoding β-lactamases were detected in an undisturbed soil in Alaska (Allen et al. [@CR6]), and recently, multiresistant bacteria were isolated from a deep and undisturbed cave in the Carlsbad Caverns National Park (USA) (Bhullar et al. [@CR15]). Interesting, three *Streptomyces* isolates from this cave were highly resistant to daptomycin (MIC ≥ 256 μg/mL) which is employed as a last resort antibiotic in the treatment of drug-resistant Gram-positive pathogens (Bhullar et al. [@CR15]). Perhaps, the most significant indication that AR is a natural phenomenon was provided by recent metagenomic-based analysis of authenticated ancient DNA from 30,000-year-old permafrost sediments in northern Canada. The authors detected a highly diverse collection of genes encoding resistance to β-lactam, tetracycline, and glycopeptide antibiotics and most surprisingly identified a vancomycin resistance element (VanA) that was highly similar in structure and function to modern variants of the gene *van*A identified in clinical pathogens (D'Costa et al. [@CR28]). The results detailed above strongly suggest that native AR in the soil microbiome has been underestimated until now and more studies are required to understand the real scope of the this phenomenon in the soil microbiome.

Impact of wastewater irrigation on the soil microbiome {#Sec7}
======================================================

As previously indicated, TWW irrigation is crucial for agriculture, especially in arid and semiarid areas of the world. However, based on the above-cited studies, TWW may harbor antibiotic compounds and metabolites as well as ARGs and ARB, which could enhance AR in the soil microbiome.

Impact of TWW irrigation on soil microbiome diversity and activity {#Sec8}
------------------------------------------------------------------

Microbial activity, a key indicator of soil quality, is often used to assess the impact of anthropogenic and agronomic practices on soil vitality. Several studies have addressed the effect of TWW irrigation on soil microbial activity. Filip et al. ([@CR37], [@CR38]) reported higher microbial activity, measured by the activity of β-glucosidase, β-acetylglucosaminidase, proteinase, and phosphatase, in two soils irrigated with primary effluent for 100 years, relative to soils that were never irrigated. Interestingly, when these soils were left un-irrigated for 20 years, their microbial activities returned to levels characteristic of the nonirrigated soils. Additionally, the application of TWW significantly stimulated the development of copiotrophic bacteria and fungi, whereas the original soil microbiome was dominated by oligotrophic bacteria (require less nutrient to growth). The authors also detected strong increases in microbial biomass in soils irrigated with TWW. A study by Hidri et al. ([@CR48]) also found that long-term irrigation with TWW resulted in increased soil microbial abundance and TWW irrigation induced a particular composition of the bacterial and fungal communities. However, the magnitude and specificity of these changes were significantly correlated to the duration of irrigation. Additional studies conducted under different conditions with different soil types and TWW irrigation regimens also showed higher microbial activity in soils irrigated with TWW, but when the irrigation was suspended, the microbial activity returned to nonirrigated or freshwater-irrigated soil levels (Adrover et al. [@CR1]; Elifanz et al. [@CR32]; Meli et al. [@CR68]), demonstrating the high resilience of the soil microbiome.

Microbial diversity and community structure are considered to be excellent indicators of soil health, and these methods have been implemented to assess the impact of anthropogenic activities on soil microbiota. In this context, Oved et al. ([@CR81]) and Ndour et al. ([@CR75]) evaluated the fate of ammonia-oxidizing bacteria (AOB) in two soils under different wastewater irrigation regimens (short- and long-term irrigated soils, respectively). In both cases, the results suggested that wastewater irrigation produces shifts in AOB population in the soil, as compared to soil irrigated with freshwater or groundwater, respectively. By applying denaturing gradient gel electrophoresis (DGGE) and subsequent cloning of excised DGGE bands, the Oved study revealed that the AOB population in wastewater-irrigated soils is dominated by *Nitrosomonas*-like strains, while in freshwater-irrigated soils, the AOB populations were dominated by *Nitrosospira*-like strains. However, despite shifts in the microbial community between wastewater- and freshwater-irrigated soils, no apparent shifts were observed in community function. Ndour et al. ([@CR75]) also saw no differences between the two treatments in microbial biomass or microbial activity, measured as FDA activity; presumably, due to the similar levels of organic C and N among the treatments. In contrast to the above-cited studies, Truu et al. ([@CR105]) reported that short-term municipal wastewater irrigation of a short-rotation willow coppice weakly affected soil chemical, microbiological, and biochemical properties. However, these changes were attributed to the willow growth rather than wastewater irrigation.

In general, the studies detailed above indicate that TWW-irrigated soils are characterized by a certain tendency for higher microbial activity, higher microbial biomass, and higher resilience than concurrent freshwater-irrigated soils. However, it should be noted that the final effect of TWW irrigation on the soil microbiome will depend on the compounds present in the TWW and their concentration, the duration of irrigation, and the properties of the soil irrigated. Based on currently available data, it appears that TWW-induced changes in microbial activity and community composition are primarily associated with increased salinity and levels of dissolved organic matter relative to and freshwater-irrigated soils. Although residual levels of PPCPs and antibiotics have been detected in TWW-irrigated soils, currently available methodologies are unable to link the presence of these compounds to soil microbial activity or community composition. To seek changes in the whole microbial activity as a result of soil disturbances, it may be advisable to observe the community dynamics of less abundant components of the soil microbiota because these taxonomic groups can be more sensitive than widespread groups in evidencing changes in the microbiome in response to soil disturbances (Gelsomino et al. [@CR41]). The high abundance of AR in the Actinobacteria class may make this group a key target for assessing the impact of TWW irrigation on soil community composition.

Impact of TWW irrigation on ARB and ARG abundance {#Sec9}
-------------------------------------------------

One of the most significant contributions to the understanding of the effects of TWW irrigation on the magnitude of soil ARB and ARGs was recently published by Negreanu et al. ([@CR76]). In this study, four soils with different physicochemical properties were irrigated in tandem with freshwater or TWW and were assessed by standard culture-based isolation methods and culture-independent molecular analyses. Resistance to four clinically relevant antibiotic families---tetracycline, erythromycin, sulfonamide, and ciprofloxacin---was evaluated. The authors monitored six different ARGs that confer resistance to the abovementioned antibiotics, which had previously been detected in wastewater effluents. The genes chosen were *qnr*A gene that confers resistance to fluoroquinolones in Gram-negative bacteria, *tet*O linked to tetracycline resistance, *sul*(1) and *sul*(2) genes that confer resistance to sulfonamides, and *erm*(B) and *erm*(F) associated with resistance to macrolide, lincosamide, and streptogramin antibiotics. Surprisingly, our findings showed that the relative abundance of resistant isolates, and the levels of ARGs, was either identical or often even higher in freshwater-irrigated soils relative to the TWW-irrigated soils, despite significant loads of ARB and ARGs in the TWW that was used for irrigation. These results indicate that residual antibiotic concentrations associated with WWTP effluents do not seem to exert selective pressure that is significant enough to induce propagation of ARGs in TWW-irrigated soils and that TWW-associated ARB and ARGs do not persist in the irrigated soils. The authors concluded that the high numbers of resistant bacteria that enter the soils through TWW irrigation are not able to compete or survive in the soil environment and that the high levels of ARB and ARGs observed in both freshwater- and TWW-irrigated soils are predominantly associated with the native soil resistome. Preliminary bench-scale mesocosm experiments performed in our lab (Gatica unpublished), in which soils were subjected to an irrigation regime of dilute organic media amended with clinical concentrations of antibiotics in 250 ml plastic containers, showed no changes in microbial activity and very little changes in microbial community composition in relation to non-antibiotic-amended soils, supporting the notion that environmentally relevant antibiotic concentrations do not appear to significantly exert selective pressure on the soil microbiome.

Similar results were obtained in a recent study conducted in Arizona by McLain and Williams ([@CR67]), who compared AR profiles of *Enterococcus* isolates (screened against 16 antibiotic compounds) from soils irrigated for more than 20 years with either recharged municipal TWW or groundwater. The authors found high levels of AR in isolates in both TWW- and freshwater-irrigated soils, although AR patterns in the two soils differed. For example, isolates from the TWW-irrigated soils showed high resistance to daptomycin, and lincomycin, while isolates from the groundwater-filled pond were highly resistant to erythromycin, tetracycline, ciprofloxacin, and tylosin tartrate. Surprisingly, isolates from the freshwater soils showed higher levels of multiresistance than those isolated in the TWW-irrigated soils. Although the possibility of selective pressure due to low levels of antibiotic exposure from unknown sources cannot be rejected, the results reflect natural occurrence of AR in soils prior to TWW irrigation and suggest that ARB that entered the soil from the TWW did not survive in the soil environment. Supporting this idea, a recent study that assessed the survival of greywater- and TWW-associated bacterial pathogens in irrigated soils showed that while a high number of pathogens were present in TWW and greywater, no significant differences were observed between TWW/greywater-irrigated soils and freshwater-irrigated soil (Orlofsky et al. [@CR80]).

Open questions {#Sec10}
==============

When assessing the impact of TWW irrigation on AR in the soil microbiome, we should not ignore the mechanisms that govern the gene exchange at inter- and intra-species levels. As described above, ARGs are often associated with MGEs, which can be transferred across a broad spectrum of bacteria. MGEs include conjugative transposable elements such as transposons and insertion sequences, integrative conjugative elements, or integrons and plasmids (Sorensen et al. [@CR97]; Van Elsas and Bailey [@CR106]). HGT of these elements can increase the spread of ARGs in pathogenic and non-pathogenic bacteria by three principal mechanisms: conjugation that involves plasmid transfer by direct cell-to-cell contact; transformation, which involves the uptake of free DNA via cell wall and integration into the bacterial genome; and transduction by phage-mediated gene transfer (Sorensen et al. [@CR97]).

TWW irrigation can introduce plasmids or other MGEs harboring ARGs to the soil microbiome, and the high mobility and versatility of these elements may contribute to AR propagation far beyond intrinsic elements that are chromosomally harbored in many native soil bacteria. Therefore, when considering the impact of anthropogenic practices on the soil microbiome, it is not only necessary to assess the abundance of ARGs in soil, but also to specifically determine ARG levels that are associated with MGEs, because these elements are the most crucial from a public health perspective. The stability of plasmids and other MGEs in the environment is strongly dictated by a wide array of abiotic parameters such as soil type, micro and macronutrient availability, soil moisture, temperature, O~2~, and pH (Rahube and Yost [@CR88]; Van Elsas and Bailey [@CR106]). Future models designed to estimate the effect of TWW irrigation on the propagation of soil AR will need to integrate these factors as well. Furthermore, as presented by Martinez et al. ([@CR65]), there are several obstacles that need to be overcome to enable ARG HGT from environmental bacteria to the human-associated microbiota: first, only ARGs that can coexist with human pathogens will contribute to resistance; second, only those genes recruited by gene transfer systems compatible with human pathogens will be transferred; third, elements that produce strong fitness cost in their host will be counter selected; and fourth, when a resistance determinant is acquired by HGT, the probabilities for a new acquisition will be low, unless antibiotic selective pressure changes. However, although many ARGs may disappear from a given habitat due to their high fitness cost, other ARGs may remain in the environment because of their fitness cost is low, and this cost is compensated or even beneficial (Baquero et al. [@CR12]).

The release of TWW effluents into the soil and the balance that governs HGT in bacteria generate important questions associated with the understanding of AR evolution: Is TWW irrigation a significant source of ARGs to native soil bacteria? Can unknown ARGs from native soil bacteria be transferred by HGT to opportunistic and pathogenic bacteria that enter the soil through TWW irrigation? Are the ARGs transferred from environmental bacteria to human pathogens, and if so, do they persistent over time? Do soils irrigated with TWW become ARG hotspots and how frequent does HGT occur in these soils? Although emerging data suggest that this is not the case, the answer to these questions to a large extent is still an enigma and requires additional in-depth analyses.

Conclusions {#Sec11}
===========

The use of TWW in agriculture is of growing importance, especially in arid and semiarid areas of the world, because it alleviates pressure on natural water sources. However, the treatment of wastewater does not assure the successful removal of all biological and chemical contaminants and differences in quality effluents can be observed among different WWTPs. Thus, biological components and active compounds can be transported from WWTP effluents to terrestrial environments such as plants and soils, impacting in different ways both soil properties and the ecosystems that they support. Certain antibiotics are highly persistent in WWTPs, and ARGs and ARB can be enriched in the wastewater treatment processes, and subsequently, these elements can be transported to the soil by irrigation, where they may be incorporated into the native soil microbiome. Although recent studies seem to indicate that irrigation with TWW does not significantly induce AR reservoirs in soil, the impact of all of the abovementioned factors is not yet clear especially in the context of mobile ARG transfer between TWW-associated bacteria and the soil. Additional studies are required to answer these questions and to determine the efficient WWTP processes for optimal reduction of ARGs, in order to ensure safe application of TWW for irrigation.
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